Abstract. The time-resolved fluorescence of photosensitizers ͑PSs͒ of varying hydrophobicities, di-and tetrasulfonated Al phthalocyanines ͑Al-2 and Al-4͒, and Photochlor® ͑HPPH͒, was investigated in liposomes used as cell-mimetic models. Using frequency-and timedomain apparatus, the fluorescence lifetime, fluo , was compared for PSs free in aqueous solution and in a liposome-associated state at varied temperatures ͑25 to 78°C͒ and oxygen concentrations ͑0 -190 M͒. The analysis of fluo revealed different decay behaviors for the free-solution and liposome-confined PSs, most significantly for the lipophilic HPPH. Hydrophilic PS drugs ͑Al-4, Al-2͒ were less affected by the liposomal confinement, depending on the relative hydrophilicity of the compound and the consequent localization in lipsomes. Changes in the emission decay due to confinement were detected as differences in the lifetime between the bulk solution and the liposome-localized PS in response to heating and deoxygenation. Specifically, hydrophilic Al-4 produced an identical lifetime trend as a function of temperature both in solu and in a liposome-confined state. Hydrophobic HPPH exhibited a fundamental transformation in its fluorescence decay kinetics, transitioning from a multiexponential ͑in free solution͒ to single-exponential ͑in liposome͒ decay. Deoxygenation resulted in a ubiquitous fluo increase for all PSs in free solution, while the opposite, a fluo decrease, occurred in all liposomal PSs.
Introduction
In photodynamic therapy ͑PDT͒, tumor-directed cytotoxicity is achieved by either radical intermediates ͑type I͒ that are subsequently scavenged by oxygen, or more commonly by the generation of singlet oxygen, 1 O 2 , ͑type II͒. Both pathways are mediated by light activation and energy transfer from a photosensitizer ͑PS͒ molecule. [1] [2] [3] Recent work has revealed that localization of PS drugs to different subcellular domains ͑e.g., membranes, mitochondria, or lysosomes͒ is correlated to the efficiency of PDT activity. [4] [5] [6] [7] [8] Several in vitro investigations of cell cultures also suggest that the charged peripheral substituents ͑ion type, ionic density͒ and structure of a PS molecule are correlated to its mode of cell entry, localization, and biodistribution. 5, [9] [10] [11] [12] These properties consequently affect the mechanism of cell death achieved with photosensitization ͑i.e., membrane damage, DNA damage, apoptosis, or necrosis͒. 5, 7 The fluorescence lifetime of a PS, fluo , provides a way to probe the microenvironment of PS molecules localized in cells. 13 It describes the average time that photo-excited molecules spend in the singlet state prior to de-excitation. It is of interest to study how the fluorescence decay characteristics are altered with PS hydrophobicity in different microenvironments. 13 In phthalocyanine-derived PSs, for example, increasing the concentration of PS aggregates ͑through unfavorable local solvent interactions͒ leads to shortened singlet-and triplet-state lifetimes, resulting in the reduced production of phototoxic singlet oxygen. 14, 15 Undesired effects on the PS, such as aggregation in low-pH environments ͑often seen in tumors nalization, localization, and distribution in the most vulnerable intracellular compartments for PDT. 2, 6, 8, 18 While the principles of the photodynamic process are known, mechanistic aspects of photosensitization in vivo are not well understood, in part due to the spatial distribution of the PS in cells and the optical heterogeneity of tissues. As such, simplified model systems are desirable to address the primary interactions of PSs within cell-like media. To this aim, one must understand how molecular-scale properties affect photosensitization action in liposomes, which are model constructs designed to structurally, chemically, and optically mimic cells. This is because liposomes can be fabricated on the size scale of 0.05 m to 1 m, which imitate subcellular organelles, intracellular chemistry ͑e.g., lipid and cytosol composition͒, and cellular interfaces ͑lamellarity͒. 19 Much of the work related to liposomes in PDT has focused on their implementation for targeted drug delivery, particularly with hydrophobic photosensitizing agents. 20 Recently, the use of liposomes as simplified membrane models has allowed researchers to characterize/identify the influence of physicochemical, photobiological, and biochemical factors on the uptake, aggregation, and distribution properties of PSs in tissues, and the photosensitization mechanism ͑e.g., parameters such as membrane viscosity, permeability, surface charge density, PS solubility, and binding affinity͒. 21, 22 By preparing PSincorporated liposomes with a high level of structural control and reproducibility, we propose that the confinement of PSs in these phantoms can be an effective strategy for probing and predicting the fluorescence decay behavior expected in cells as a function of the PS molecular properties. Previous timeresolved work has demonstrated, for example, singlet-and triplet-lifetime dependence of hydrophobic PS molecules in similar encapsulating systems based on cyclodextran-as calix͓n͔ arenes, 10 as well as PS decay changes in the presence of microbial cells. 13 Hyperthermia ͑HT͒ is a heat treatment during which the temperature of the tissue is elevated artificially with the aim of achieving a therapeutic effect. The heating of tissue may alter the structure ͑e.g., through denaturation͒ and physiology of the tissue of interest; the changes in blood flow that result from heating are the most relevant effect when considering the outcome of PDT. 23, 24 It has been demonstrated that the combination of HT and PDT increases the overall cytotoxic efficiency of the method. [25] [26] [27] The proliferation of tumor cells results in a reduction of vascular density, disorganization of the vascular network and structure, and compositional changes in the extracellular matrix. These modifications to the tumor microenvironment limit the delivery of drugs to cells that are situated distally from functioning blood vessels, leading to the inefficient uptake of macromolecules and reduced mobility in tumor cells. During HT treatment, vasodilation occurs. When this is combined with a liposome drug-delivery approach, it facilitates extravasation of the PS-bearing liposomes into the tissue of interest. 24 In some applications, the temperature-sensitive release of a drug from liposomes allows tumor cells to be exposed to much higher concentrations. 28 Thus, the delivery of a PS in a liposome format can significantly increase the therapeutic ratio in temperature-mediated photodynamic action. 28 Relevant to treatment and diagnostics, local oxygen concentration and temperature are two important parameters for in vivo photosensitization. During the photodynamic treatment of tissues, oxygen is depleted due to ͑1͒ the consumption of molecular oxygen through production of 1 O 2 and its irreversible reactions with biomolecules; and ͑2͒ the decreased supply of blood and oxygen in the tumor caused by damage to the vasculature in and around the tumor. 23, 29, 30 The efficiency of photosensitization is directly related to the yield of 1 O 2 in the tumor environment and can depend on the concentration of external oxygen available. Hypoxic cells having less than 5% oxygen exhibit resistance to PDT. 7 Oxygen concentration can decrease during PDT light delivery if the tissue oxygen supply is restricted, potentially leading to inadequate treatment. Cells contain many quenchers, and singlet oxygen can diffuse between 20 nm and 100 nm. 1, 31 For an energy transfer reaction to occur, 3 O 2 and the sensitizer must be in close proximity. 7 The physicochemical properties of an intracellular PS are thus closely linked to the efficiency of oxygenmediated energy transfer in the PS local environment. Tracking fluo of PSs at various oxygen concentrations provides mechanistic insight into photosensitization as a function of spatial confinement in simplified but realistic cell-like phantoms.
In the companion to this work, it was demonstrated that for a PS molecule of a given concentration, its hydrophilic/ hydrophobic properties dictated its aggregation behavior. 32 Absorbance and fluorescence spectra of solution-phase PSs, compared to those confined in liposome cell models, showed the photochemical consequences of chemically driven localization into different liposome domains for Al-2 ͑aluminum phthalocyanine disulfonate chloride͒, Al-4 ͑aluminum phthalocyanine chloride tetrasulfonic acid͒, and porphyrin-based HPPH ͑2-͑1-hexyloxyethyl͒-2-devinyl pyropheophorbide͒: the PS amphiphilicity resulted in the preferential localization of drug molecules in specific microenvironments of liposomes, where they adopted different aggregation behaviors.
The consequences of PS localization on the fluorescence decay in response to temperature and oxygenation may be important to the understanding and interpretation of changes in the action of the PS. In the present study, the kinetics of the fluorescence decay were investigated using a hybrid frequency-domain/time-domain apparatus with excitation sources of 661 and 400 nm, respectively. Fluorescence lifetime was resolved in both domains by expressing the decay as a summation of exponential terms. We acquired the relative phase response ͑frequency-domain͒ and the fluorescence decay curves ͑time-domain͒ as a function of increasing temperatures and variable oxygen concentration. Our aim was to resolve the differences in the fluo response function in solutionphase PSs versus those localized within cell-mimetic liposomes.
Materials and Methods

Materials
Three PSs were investigated: aluminum ͑III͒ phthalocyanine chloride tetrasulfonic acid ͑Al-4, Frontier Scientific, Incorporated, UT, USA͒, aluminum ͑III͒ phthalocyanine disulfonate chloride adjacent isomer ͑Al-2, Frontier Scientific͒, and 2-͑1-hexyloxyethyl͒-2-devinyl pyropheophorbide, HPPH, kindly provided by the Roswell Park Cancer Institute. PS solutions were prepared in phosphate-buffered saline ͑PBS, pH 7.4͒ for the Al-2 and Al-4, and 20:80 fetal bovine serum ͑FBS͒/ PBS ͑Sigma͒ for the HPPH. All samples were prepared using 0.45-m filtered, deionized water ͑UV-treated 18.2 M⍀ ·cm resistivity͒.
Liposomes were prepared with 1,2-dioleoyl-sn-glycero-3-phosphocholine ͑DOPC͒ and cholesterol ͑CHOL, Northern Lipids Incorporated, B.C., Canada͒. Sephadex G-25 columns were used for size exclusion separation ͑NAP 5, GE Healthcare͒.
Liposome Preparation Incorporating PS
Details of the liposomes' preparation were reported in the companion to this work. 32 Briefly, PS incorporation into liposomes was achieved by hydration of a thin lipid cake ͑com-posed of DOPC and 35% CHOL͒ with one 50-M Al-4, 25-M Al-2, or 100-M HPPH. The suspension was then subjected to freeze-thaw cycles, followed by extrusion through a 100-nm polycarbonate membrane. Separation of free PS ͑bulk solution͒ from liposome-confined PS ͑L-PS͒ was achieved by size exclusion. Vesicle size for all L-PSs and blank liposomes ͑L-Blank͒ was determined from dynamic light scattering measurements ͑DLS͒ acquired at varying angles between 90 and 150 deg ͑a BI9000 apparatus from Brookhaven Instruments at 532 nm using a BI200SM goniometer and a B2FBK/RFI PMT͒. 33 DLS measures the time variation of the scattered light intensity, which is analyzed by the intensity autocorrelation function acquired from a digital correlator, described previously. 34 The intensity autocorrelation function is the ensemble average of the product of the signal with a delayed version of itself as a function of the delay time ͑inset Fig. 1͒ . Each population of particle size produces its own unique contribution to the autocorrelation function, allowing for the determination of the distribution or uniqueness of the size distribution. A diffusion coefficient is derived using the Stokes-Einstein relation, which relates the diffusion coefficient to the hydrodynamic radius of the particle according to D = K b T / 6R, where K b , T, and are Boltzmann's constant, temperature, and viscosity, respectively. The algorithms used to analyze the autocorrelation function and extract the size distribution were non-negative constrained least square ͑NNLS͒ and CONTIN ͑a method suitable for analyzing polydisperse populations where the autocorrelation function is examined through an inverse Laplace transform͒. 34 The liposome ͑scattering͒ concentration was matched for all L-PS solutions to 2.7ϫ 10 7 mL −1 as determined by flow cytometry. The characterization of fluorescence and absorption spectra of the solutions was discussed previously in the companion to this work. 32 
Temperature and Deoxygenation Experiments
Temperature control of the fluorescence cell was achieved using a thermal water jacket linked to a thermo-regulated circulating water bath. Lifetime measurements were acquired in 2 to 5°C increments ramping from 26 to 78°C. An observed deviation of 1°Cmin −1 yielded a maximum uncertainty of Ϯ1°C over the course of each measurement. Differential scanning calorimetry ͑DSC, Seiko, DSC 6200͒ was performed for L-HPPH and L-Blank ͑75 mg at a liposome concentration of 8 ϫ 10 7 mL −1 ͒ in a nitrogen-purged environment covering the temperature range of the lifetime measurements ͑ramp rate of 5°C min −1 , referenced to the solvent of identical mass͒. 35 For deoxygenation studies, ambient samples ͑having equilibrium concentration of dissolved oxygen at standard temperature pressure ͑STP͒ were purged with inert Ar gas at a flow rate of 150 mLmin −1 for 3 min to avoid mechanical stress to the liposomes. The dissolved oxygen concentration was quantified using an oxygen probe ͑model DO-166MT-1, Lazar Research Laboratories Inc.͒
Frequency-Domain Lifetime Instrument and Measurements
The frequency-domain ͑FD͒ system was based on phase and amplitude measurements acquired from a network analyzer ͑Agilent 8753D, 30 kHz to 3 Ghz͒. 36 The radiofrequency ͑RF͒ output of the network analyzer was used as the external modulation input of a 661-nm diode laser ͑PicoQuant, 100 kHz to 2 GHz, LDH-M-C-650B͒ and an MDL300 driver ͑PicoQuant͒. A variable attenuator and a 660Ϯ 5-nm laserline filter ͑Omega Optical͒ were used at the output of the laser. A small fraction of the laser light was directed to a high-speed positive-intrinsic-negative ͑PIN͒ photodiode ͑1601 New Focus, 30 kHz to 1 GHz͒ prior to injection into a 600-m core multimode optical fiber ͑numerical operture = 0.37, Thorlabs, MD29L01͒. The electrical signal from the PIN diode was connected to the reference input of the network analyzer to provide a reference signal. The distal end of the excitation optical fiber was brought in contact with the wall of a 1-cm quartz fluorescence cuvette ͑Starna Cells͒ in a fixed geometry. An identical optical fiber, set at 90 deg on the adjacent side of the cuvette, was used for fluorescent light collection. The output of the collection fiber was collimated ͑Edmund Optics, aspheric lens, 47726͒, filtered with a 40-nm-wide bandpass filter centered at 690 nm ͑Semrock OD 5͒ and focused onto an avalanche photodiode ͑APD͒ detector ͑Hamamatsu C5658, 50 kHz to 1 GHz͒. The electrical signal from the APD was sent to the input of the network analyzer, and the complex ratio of the APD:PIN phase signal was acquired. Each measurement was an average of 3 scans acquired over 45 s with the network analyzer set to a narrow interme- diate focus ͑IF͒ bandwidth ͑30 Hz͒ for optimal noise reduction. Expressing the fluorescence decay as a sum of exponential decays, the frequency-dependent response can be represented in complex notation as
where A i is the DC amplitude of the i th component having associated lifetime i . The phase response is given by
where the real and imaginary part of H͑j͒ can be computed from Eq. ͑1͒, thus giving
Unless otherwise stated, phase measurements were fitted to a single exponential lifetime model using least-square fitting over the frequency range of 0.1 to 100 MHz. The goodness of the single exponential fit was determined by examining the reduced chi squared, R 2 , computed from the residuals. 
Time-Domain Lifetime Instrument and Measurements
For samples exhibiting multiexponential decay or low quantum yield, additional measurements of the lifetime were acquired in the time-domain ͑TD͒ using time-correlated singlephoton counting ͑TCSPC͒. The excitation source was a thermoelectrically cooled 400-nm picosecond laser diode ͑Pi-coQuant GmbH, Germany͒ with a pulse duration of ϳ150 ps and a repetition rate of 40 MHz. The laser pulse was delivered to the measurement cell, shared with the FD system, using a multimode 600-m optical fiber. A variable neutral density attenuator placed in front of the fiber coupler controlled the laser power delivered to the sample. A 90-deg configuration was used to capture fluorescence with a second fiber. The fluorescence collection fiber was coupled to a photon-counting photomultiplier tube ͑PMT, PMH-100, Becker-Hickl, Germany͒ with an aspheric lens ͑Edmund Optics 47726͒ for collimation. A 670-to 710-nm bandpass interference filter, positioned in front of the photocathode, rejected the excitation light. The PMT output was connected to an SPC-730 TCSPC peripheral component interface ͑PCI͒ board ͑Becker-Hickl, Germany͒ synchronized with the laser driver trigger signal as the reference. The time window was set to 25 ns for all measurements based on the laser pulse repetition frequency. Fluorescence and background signal acquisition times were set to 180 s as a compromise between maximizing the photon counts ͑to increase SNR͒ and minimizing the sedimentation of liposomes ͑to reduce optical heterogeneity͒.
A system response function ͑SRF͒ trace was acquired with an empty sample cell before each measurement set to account for its effect on the raw measurements. Additionally, in scattering samples, the scattering contribution ͑convolved in the SRF͒ was determined through an independent measurement of blank liposomes of equal concentration. The fluorescence lifetime was obtained from the measurements by fitting a single or double exponential model of fluorescence decay to the data, represented by the impulse response function, I͑t͒:
where A is the pre-exponential factor, and i is the lifetime of the i th component at time t. 37 Where necessary, the background was subtracted from the raw data ͑e.g., FBS/PBS solvent͒. The measured SRF was then convolved with the exponential decay model and fitted to the processed data using a weighted least-squares approach based on the LevenbergMarquardt algorithm. 38 The choice of single or dual exponen- 
Results
Size and Shape of PS-Confined Liposomes
Various analysis methods of the DLS autocorrelation function C͑͒ ͑inset Fig. 1͒ were used to determine and compare the vesicle sizes and distributions ͑e.g., CONTIN, NNLS, and Gaussian͒. 39 The intensity-weighted results predominantly showed a single vesicle population of a narrow size distribution for the targeted "100-nm" L-HPPH, L-Al-4, L-Al-2, and L-Blank of actual size ϳ134Ϯ 45 nm. Figure 1 shows a typical histogram derived from C͑͒ ͑inset͒ for all "100-nm" extruded L-PSs and L-Blanks, independent of the PS type. Size results from 100-nm particles were model independent ͑typi-cal residuals RMS error ഛ1.5ϫ 10 −3 ͒ with some minor aggregate contributions at measurement concentrations, 0.1% by mass. DLS measurements as a function of angle showed identical results within error, suggesting a spherical shape for all vesicles.
Lifetime of Solution Phase Versus Confined PS and Temperature Effects
The phase-derived fluo response to increasing temperature was measured and compared for solution-phase PS versus L-PS. The phase curve was acquired for each sample solution starting at ambient conditions ͑T =23°C, and equilibrium oxygen in solution͒ and ramping to 78°C. The fitted values of fluo of all three PSs free in bulk solution and confined in liposomes are summarized in Table 1 along with the corresponding errors. Separate sample cells were employed in the measurements of fluo for temperature and oxygen experiments in the FD. Relative changes in the fluorescent lifetime were examined using a constant geometric setup in each analytical series to examine either temperature or oxygen effects.
For each data point, error bars were estimated using a wellestablished Monte Carlo method. 40 This technique consists of building a hypothetical data set of N = 100 lifetime measurements by adding Gaussian noise to the theoretical phase model ͑calculated using the experimentally determined lifetime͒. The noise level used was estimated from the residuals of the fit to the experimental data. The theoretical phase model was then fitted to each hypothetical measurement using the same Levenberg-Marquardt routine to obtain a distribution of lifetimes. Twice the standard deviation of the N-fitted values were reported as errors to reach a 95% confidence level. Worst-case error bars, as reported herein, were ഛϮ0.02 ns.
The change in goodness of fit ͑biexponential for HPPH͒ can be assessed by noting that the R 2 value decreased by a factor ജ2 upon confinement of the free PS into L-Al-4 and L-HPPH but increased two-fold as a consequence of L-Al-2 confinement. The measured fluorescence lifetimes of Al-2 and Al-4, presented in Figures 2͑a͒ and 2͑b͒, decreased with increasing temperature due to the increased nonradiative collisional relaxation processes. An exception to this was observed in the solution phase of HPPH ͓Fig. 2͑d͔͒ the exhibited two lifetime components, which both increased with increasing temperature.
Since liposomes scatter light, the "apparent" lifetime introduced by photon migration arising solely from liposome scattering was also measured in the FD using L-Blank. The scattering configuration was identical to the fluorescence measurement geometry but without a fluorescence filter; the modulation frequency range was extended to 600 MHz. The "scattering lifetime" of L-Blank was collected at the identical particle concentration, particle size, and temperature range as that of L-PS and found to be ഛ0.06 ns ͑Table 1͒. The scattering lifetime over the temperature range was found to vary between 0.03 and 0.06 ns.
For solution-phase Al-2 ͓filled circles in Table 1͒ revealed a negligible background contribution to the decay of L-HPPH due to 400-nm excitation in TD. Unlike the phthalocyanines, the direction of the temperature-induced phase shifts for solution-HPPH and L-HPPH were opposite one another, as illustrated in Fig. 3 ͑raw data͒ and shown in the fitted resulted ͓Figs. 2͑c͒ and 2͑d͔͒. A significant decrease of 1.02 ns in the fluorescence lifetime was observed upon heating L-HPPH ͓Fig. 2͑c͒; Table  1͔ . However, Fig. 2͑d͒ shows that a small increase in lifetimes ͑average ⌬ fluo ϳ 0.15 ns͒ resulted from heating solutionphase HPPH as 1 increased from 5.65 to 5.78 ns and 2 increased from 1.1 to 1.23 ns. The lifetime increases were accompanied by a change in the respective pre-exponential amplitudes: A 1 increased from 89 to 95% while A 2 decreased from 11 to 5%, representing a change in the relative contribution of the long-and short-lived components.
The lifetime data, in corroboration with the spectroscopic results explained in the companion work, 32 provide evidence that HPPH localization to the liposome membrane changes its photochemical and photodynamic properties. To examine the impact of confining a PS on the thermal phase behavior and fluidity of the membrane, DSC was performed on L-HPPH and L-Blank. We observed a significant shift in the phase transition peak of liposome vesicles from 50°C ͑L-Blank͒ to 67°C ͑L-HPPH͒ due to the incorporation of HPPH into the liposomes.
Lifetime Response of Solution Phase versus Confined PS to Deoxygenation
The efficiency of deoxygenation in PS and L-PS solutions was verified by measuring a three-orders-of-magnitude reduction in the concentration of dissolved oxygen upon changing from ambient ͑190 M, Ϯ0.1%͒ to Ar-purged ͑0.19 M Ϯ 0.1% ͒ conditions. The fitted values of fluo of all three PSs free in bulk solution and confined in liposomes, along with values for blank liposomes ͑controls͒, are summarized in Table 1 the R 2 value increased by a factor of 1.5 upon deoxygenation of L-Al-2, suggesting some deviation from a monoexponential model due to deoxygenation. Hence, we evaluated the validity of the deoxygenation results by examining the raw phase data in ambient versus deoxygenated media. Figure 4 shows that the phase curve of L-Al-2 is clearly right-shifted in phase upon deoxygenation, indicative of lifetime shortening, which agrees with the fitted results. Similarly, deoxygenation produced a visually discernable reduction in fluo in the case of L-Al-4. The overlap of the phase traces for ambient and deoxygenated L-HPPH suggests that the lifetimes are similar and cannot be discriminated without fitting the data.
Discussion
Localization of Photosensitizers in Liposomes
The efficiency of a PS depends on its subcellular localization. As explained the companion work, 32 fluorescence microscopy can be used to identify spatial confinement of a PS in liposomes. The spectral consequences of confining three PSs of varying hydrophobicity, Al-2, Al-4, and HPPH, in liposome phantoms were examined the companion work. 32 It was evident that the hydrophilic nature of the PS molecule controlled the relative partitioning of PS in the cell-like constituents of liposomes. This preference for lipid versus aqueous domains also has consequences on the entry mechanism and diffusion of PSs within cells. For example, a lipophilic PS ͑e.g., HPPH͒ can diffuse to the membrane of intracellular organelles, 41 while hydrophilic PSs usually enter the cell via an active endocytotic mechanism with preference for polar locations in the cell. 2 Given our recent spectroscopic findings of the effects of PS confinement in liposomes, our objective here was to ascertain the consequences on fluo . Lifetime analysis of L-PS serves as a way to probe the local microenvironment of photosensitive drugs in cell-like media. The companion work showed that HPPH was primarily localized in the liposome membrane, 32 while Al-2 and Al-4 molecules reside predominantly at membrane interfaces and in the aqueous core, respectively. This microenvironment influences not only the PS physicochemical properties, such as aggregation, but should also affect the decay response. Here, we extended our studies of liposome-confined PS by probing the fluo behavior associated with this localization. In measuring fluo , one should be cautious about the absolute lifetime values and recognize that PS excitation itself may induce some photodynamic action that affects the local microenvironment ͑e.g., breaking of lipid membranes͒. However, upon comparison of the trends observed in liposomes, the tendencies were not toward free PS behavior and did not change over the measurement time. Thus, for the purpose of this study, we assumed such contributions were negligible. We examined the fluorescence decay of L-PS as a function of temperature and oxygen concentration and compared them to trends observed in free solution.
Effect of Confinement on Fluorescence Lifetime
Under ambient environmental conditions, both free Al-2 and Al-4 displayed longer fluo values in comparison to the respective encapsulated L-PS solution ͓Figs. 2͑a͒ and 2͑b͒; Table 1͔ . Previous reports examining Al-2 fluorescence lifetimes in varying polarity solvents and in bacterial membranes show that longer lifetimes are typically observed in more polar environments. 13, 42 Furthermore, the lifetime of Al-2 in a confined liposome system can be reduced as much as 1 ns in L-Al-2 by reducing the phospholipid concentration in solution. 13 Such chemical contributions can, for example, account for the longer lifetime observed here for free-solution Al-2 compared to L-Al-2-a case where the liposome concentration is low and where the local polarity is reduced upon integrating Al-2 in liposomes. However, for hydrophilic Al-4 the polarity of the microenvironment is not expected to significantly change upon incorporation into the aqueous core of the liposome. As previously established in the companion paper, 32 the fluorescence of free-PS solutions at high concentrations can be significantly influenced by both chemical and optical phenomena ͑e.g., re-absorbed emission͒. At a high concentration of fluorescent Al-4 species, the companion work demonstrated a significant contribution from reabsorbed emission under minimally aggregated conditions. It has been demonstrated that the phenomenon of reabsorption can result not only in significant redshifting of the emission, 32 but re-emission can also lengthen the perceived fluo . 43 A comparison of the goodness of fit of the lifetimes revealed interesting results arising from PS confinement. Comparing the fitted lifetime of solution-phase Al-2 versus L-Al-2 to a monoexponential model yielded a R 2 value that increased by a factor of 2, suggesting that the fluorescence of L-Al-2 is more suitably described by a multiexponential decay model.
The larger R 2 result from monoexponential fitting of L-Al-2 may be related to the micro-heterogeneous distribution achieved upon associating with the liposome interface, as demonstrated in the companion work. 32 A previous report demonstrated that the decay of Al-2 transforms from mono-to bi-exponential as phospholipid concentration is increased. 13 This phenomenon is believed to be related to a change in how Al-2 interacts with its local environment as the medium transitions from a water to lipid phase. An increased contribution of biexponential behavior was also found when amphiphilic Al-2 was confined to bacterial membranes. 13 These observations agree with the trend toward multiexponential behavior observed for Al-2 in this study when complexed to liposomes, a similar cell model. The presence of multiexponential dynamics can be rationalized further by considering the surface properties of the liposomal membrane, which facilitate interfacial interactions of amphiphilic Al-2 molecules at the bipolar surface. 7, 42 This interfacial arrangement can impart a highly dynamic and bipolar microenvironment associated with membrane motility and heterogeneity, subsequently leading to the multiexponential decay observed here for L-Al-2.
In the case of the more hydrophilic tetrasulfonated analog, Al-4, the favorable solubility of this compound in aqueous media imparts a lower degree of aggregation, 44 as demonstrated previously in the companion work. 32 As such, good adherence to a monoexponential decay model was expected, even at high free-solution concentrations of ϳ50 M. 42 Our finding of a reduced R 2 value by a factor of 5, in association with Al-4 encapsulation into the liposome core, suggests a more uniform and protected microenvironment was adopted upon encapsulation, and/or the PS concentration was reduced in L-Al-4. Both of these possibilities are consistent with the observed tendency toward monoexponential decay. 13 Unlike amphiphilic Al-2, which exhibited reduced re-absorbed emission in the presence of nonfluorescent aggregates, the decay kinetics of solution-state Al-4 were more strongly governed by re-absorption, as shown in the companion work 32 and by Pompa et al. 45 The greater influence of re-absorbed emission can account for the longer apparent lifetimes in solution Al-4.
The re-absorbed emission contributed to the higher R 2 results obtained in bulk compared to L-Al-4, since the re-emitted light was expected to result in a broader distribution of lifetimes.
The fluorescence decay of lipophilic HPPH had completely different dynamics from the amphiphilic or hydrophilic phthalocyanines examined. While membrane-bound L-HPPH is characterized by a nearly perfect monoexponential, fluo of free-solution HPPH cannot be represented accurately by a single decay lifetime. This implies that incorporation into the bilayer membrane restricts L-HPPH to a homogenous microenvironment. An eight-fold reduction in the R 2 value upon fitting to a biexponential model suggests that solutionphase HPPH was represented better by two decay times from FD measurements at 661-nm excitation. In comparison, photon counting ͑at 400-nm excitation͒ was slightly more sensitive to FBS solvent autofluorescence in HPPH ͑ഛ1% of the signal͒, in part accounting for the multiexponential result observed in the TD. In the absence of autofluorescence, however, the two lifetimes of HPPH are distinguishably separated in time ͑ 1 ϳ 1 ns and 2 ϳ 5 ns͒ and likely arise from microenvironment heterogeneity and/or the presence of multiple molecular conformations, including aggregates. Given the high concentration of this hydrophobic species ͑100 M͒, aggregates were prevalent in aqueous solution. 32 Aggregates can produce microheterogeneity that contributes to the multiexponential behavior observed in free solution by both the TD and FD methods. Moreover, the significantly lower lifetimes observed in free-solution HPPH ͑ fluo ϳ 5.6 ns, 1.1 ns͒ versus L-HPPH ͑ fluo ϳ 8.3 ns͒ ͑Table 1͒ can be justified by the relatively high aggregate concentration of hydrophilic PS in aqueous media, since this can effectively quench the radiative decay. Significant reductions in fluo due to aggregation are not uncommon, as supported by the previous observation of a 2-ns decrease in another photosensitizing porphyrin, mTHPC, from 7.5 ns ͑unaggregated state͒ to 5.5 ns ͑aggregated form͒. 46 
Effect of Heating on Fluorescence Lifetime
Increasing the temperature of both free and liposome-confined PSs resulted in a decrease in the fluo with the exception of hydrophobic HPPH in solution. As a physical effect, temperature elevation induces greater collisional relaxation of fluorescent molecules. However, one must also consider the chemical effects induced by heating. Specifically, heating increases the solubility constant ͑K sp ͒ for the PS molecules. As the solubility increases, the aggregated equilibrium is reduced, promoting kinetic "averaging" to a more uniform environment for the PS. This is evidenced by the reduction in R 2 from monoexponential fitting, particularly for solution-phase Al-2 ͑previously shown to be highly aggregated at the experimental concentration͒.
In discussions relating heating effects to changes in fluo properties, it is necessary to address the background effects that can obscure the data and lead to invalid conclusions. For example, heating can initiate liposome fusion to form larger vesicles. Changes in the background liposome scattering due to changes in liposome size must therefore be quantified. Analysis of the L-Blank "scattering lifetime" acquired from 30 to 78°C showed an increase from 0.03 to 0.06 ns. The net change of 0.03 ns was on the order of the error and thus was considered negligible.
Heating of L-Al-2 yielded similar lifetime decreases to that observed in bulk-solution Al-2 up to 47°C. Above this thermal breakpoint, we observed different decay responses to heat. Examination of the DSC scan of L-Blank ͓Fig. 2͑c͔͒ revealed a thermal phase transition of CHOL/DOPC vesicles occurring around 50°C, near the breakpoint observed in fluo in Fig. 2͑a͒ . ͑DSC is a common tool for examining phase transitions in materials.͒ Because the lifetime of L-Al-2 is dependant on its interfacial localization at the membrane sur-face, the lifetime kinetics were correlated with the highly mobile nature of the bilayer. The presence of CHOL in the membrane further enhanced the dynamic nature of the bilayer. 47, 48 Thus, the fluorescence decay of purely membrane-bound L-Al-2 species should be influenced by the temperaturemediated membrane fluidity. Conversely, heating solutionphase Al-2 should predominantly affect aggregation and solubility. Since L-Al-2 is confined interfacially, we find that it shares both membrane-dependent lifetime kinetics as well as transitions related to solubility of aggregates in aqueous media up to the temperature marking the phase transition of the lipid.
For the most hydrophilic PS, both solution-phase Al-4 and L-Al-4 respond the same, as evidenced by the identical slopes in temperature curves of fluo ͓Fig. 2͑b͔͒. Thus, the encapsulation of Al-4 did not generate a different microenvironment that perturbed the temperature-dependent fluo response. This result is in agreement with the localization studies of the companion work, 32 which showed that the hydrophilic Al-4 preferentially partitioned to the aqueous core of liposomes. As such, AL-4 is expected to retain similar fluorescence decay dynamics once sequestered into similar aqueous media comprising the liposome core.
The temperature response of fluo for lipophilic HPPH in solution has different characteristics than for hydrophilic Al-4 and amphiphilic Al-2. Specifically, the measured lifetime increases with increasing temperature, as indicated by the left shift of the phase curves. Heating HPPH does not appear to promote quenching as observed in Al-4 and Al-2. Therefore, the fluo temperature curve produced by HPPH is not described simply by heat-induced collisional relaxation processes. Since the phase shifts in HPPH are not superimposable, the same exponential model cannot accurately represent the decay behavior over the temperature range examined. This can be interpreted as changes to the molecule ͑e.g., its conformation or aggregation͒ and/or its local environment imposed by temperature elevation. In a highly aggregating aqueous medium, heating can have a greater effect on the solubility of hydrophobic HPPH, thus reducing aggregation and increasing the lifetime. When confined to liposomes, L-HPPH is sequestered to a thermodynamically favorable bilayer phase. Here, aggregation was significantly reduced, and the expected temperature trend attributed to heat-induced quenching was recovered.
The vastly different lifetime behavior resulting from preferential localization of HPPH to the liposome bilayer ͓Figs. 2͑c͒ and 2͑d͒; Table 1͔ provokes questions regarding the consequences of the interaction between HPPH and unsaturated DOPC, which can be addressed with DSC. Membranes comprised of DOPC, and particularly those incorporating CHOL, are relatively disordered and have intrinsic mobility in the bilayer. 47, 48 DSC analysis showed that the phase transition temperature increases from 50 to 68°C due to membrane inclusion of HPPH. This suggests that the incorporation of HPPH in the bilayer enhances the order and stability of the membrane. Consequently, the onset of thermal transition is at a temperature 18°C higher than the blank liposome. Whether the application of liposomes is drug delivery or as cell phantoms to model photodynamic responses, these results imply that controlled vesicle properties are not only retained but stabilized over high temperatures due to membrane incorporation of a hydrophobic PS.
Effect of Deoxygenation on Fluorescence Lifetime
Oxygen molecules are small, nonpolar quenchers that diffuse rapidly in most solvents, including water. The reduction in the measured dissolved oxygen concentration from 190 to 0.19 M indicated that effective deoxygenation of the PS and L-PS solutions was achieved, irrespective of the medium viscosity. The measured autofluo from L-Blank ͑inset Fig. 4͒ showed no dependence on oxygen concentration. This result suggests two things: ͑1͒ liposome scattering and autofluorescence lifetime were not affected by the deoxygenation process ͑i.e., the physical effects of photon migration remain the same͒, and ͑2͒ while oxygen may be a small, freely diffusing quencher in solution, the purging process ͑which effectively removes oxygen from the bulk aqueous solution͒ did not significantly alter the optically detected properties of the blank liposome membrane. Therefore, observed changes in fluorescent lifetime due to deoxygenation must arise from the PS in its specific environment. The membrane-embedded-PS, L-HPPH, exhibited little sensitivity in fluorescence to a reduction in the aqueous oxygen concentration, as indicated by the small change in lifetime from 7.67 ns to 7.62 ns upon deoxygenation ͑Table 1͒. The concentration of oxygen within fluid phosphatidylcholine membranes, similar to DOPC, was a diffusion-solubility product. 49 The solubility of oxygen in membranes is four-fold higher than in water, favoring concentration in hydrophobic media. The diffusion coefficient of oxygen is 20% of that in water, while the lipid-water partition coefficient is approximately 5. 39 Therefore, in traversing the thin membrane ͑ϳ4 nm͒ of the liposomes, 50 the membrane permeability ͑de-fined as the product of the quenching constant times the oxygen diffusion coefficient, over the thickness͒ suggests that the liposome bilayer is not a diffusion barrier to oxygen. 39 Considering oxygen solely as a collisional quencher, the small change in fluo due to deoxygenating L-HPPH was unexpected. In fact, the L-PS systems that showed the largest lifetime changes in response to oxygen concentration were L-Al-2 and L-Al-4 ͑Table 1͒, i.e., the PSs that are in part or predominantly confined to the aqueous phase of the liposome. Interfacial L-Al-2 was most sensitive, with a pronounced difference in the measured lifetime of 0.53 ns associated with deoxygenation. The differences in the magnitude of the lifetime shift in response to oxygen depletion in L-PS are PSdependent and do not correlate to the trends observed in the corresponding bulk solutions. Thus, oxygen is not simply involved in quenching, but in fact modifies the PS environment to a degree that depends on the PS localization.
The unexpected decrease in fluo exhibited by the liposomal-phthalocyanines ͑L-Al-2, L-Al-4͒ after Ar deoxygenation is curious and merits further discussion. This reduction in lifetime was not seen in the free-solution analogs, indicating that Ar purging had very different effects on L-PS and bulk-PS solutions. Experimentally, the Ar pressure was kept very low during purge, and the fluo shifts observed in deoxygenated L-PS solutions were not in the direction of bulk-solution PS. Therefore, this effect cannot be rationalized by liposome rupture due to inadvertent lipid peroxidation, photo-initiated by lifetime measurements. However, inspection of the DC magnitude ͑FD measurements͒ and the photon counts ͑TD experiments͒, revealed that Ar purging resulted in a significant and reproducible decrease in fluorescence intensity for both L-Al-2 and L-Al-4 solutions ͑Table 1͒. These photophysical changes suggest a photochemical side-reaction or change in the molecular structure caused by deoxygenation in liposomes L-Al-2 and L-Al-4. For example, a possible byproduct of deoxygenation may be a change in the dimeric complex known as the -oxo aggregate. Such "contact dimers" have been reported for aluminum and zinc phthalocyanine sulfonates in which the phthalocyanine molecules were linked chemically via the oxygen atom and known to depend on the solvent environment.
14,51,52 Previous studies of the PS mTHPC confined in intracellular environments showed that oxygen concentration had a complex effect on PS photochemistry and photobleaching properties. 53 Hence, simple quenching processes cannot adequately describe the oxygendependent fluo response observed here with L-Al-2 and L-Al-4. We are currently investigating the complex role of oxygen on L-PS photochemical properties using spectroscopic methods over a broad range of oxygen concentrations.
Unlike the confined PS analogs, the lifetimes of freesolution PSs did not decrease with Ar deoxygenation. Instead, a small but expected increase in fluorescent lifetime was associated with the removal of oxygen, indicative of quencher depletion. The small magnitude of this change in deoxygenating bulk PS is not surprising given that the bulk solutions are significantly higher in concentration. The spectroscopic study of the companion work showed that the fluorescence of bulk solutions at high PS concentrations was dominated by either aggregation and/or re-absorption of emission effects. 32 Thus, at high concentrations, quantifying oxygen-related quenching contributions to fluo shifts in PS solution is not trivial. Despite this, the critical result remains that the fluo response to oxygen depletion in highly concentrated PS solutions appears independent of the PS type, unlike the result in the encapsulated scheme. The implication is that oxygen concentration has very different photophysical consequences for free PS compared to PS confined in intracellular environments.
Conclusions
We have studied the photophysical consequences of confining three PSs of varying hydrophobicity, Al-2, Al-4, and HPPH, in cell-like liposome constructs. As measured through fluo , the selective molecular affinity of a PS to either the core, interface, or membrane constituents of liposomes sequestered some PSs to different microenvironments. This chemically driven confinement produced significantly different photophysical properties compared to PSs in free aqueous solution. The impact of localization on the fluorescence decay was examined as a function of heat or oxygen concentration. The photothermal response of hydrophilic and amphiphilic PSs confined in liposomes, such as Al-4 and Al-2, in part mimicked the lifetime kinetics observed in free solution. This was due to preferential PS-liposome interactions that facilitated complete or interfacial exposure to aqueous media. Conversely, the outcome of integrating highly lipophilic molecules in liposomes ͑i.e., HPPH͒ was a reduction in the local heterogeneity due to molecular localization in the vesicle bilayer. In such a case, the photothermal fluorescence decay kinetics were significantly different than in bulk solution. This is because heating had different consequences for PS versus L-PS due to the relative contribution of solubility and collisional quenching effects. Lastly, photo-oximetric measurements of fluo , performed as a function of the solvent oxygen concentration, revealed that oxygen depletion in free-PS solution effectively increased the lifetimes for all PSs due to the absence of oxygen quenchers. Conversely, oxygen depletion in L-PS solutions lengthened the fluo to an extent that was dependent on the nature of the PS confinement and could not be explained by quenching arguments. Monitoring of the photo-thermal and -oximetric fluorescence decay properties of PSs in simplified cell models, like liposomes, facilitates the understanding of photophysical responses produced by sensitizers in different cellular microenvironments. This information is valuable for the molecular design of more effectively targeted PDT drugs.
